Edited by Jay C. Dunlap, Geisel School of Medicine at Dartmouth, Hanover, NH, and approved August 2, 2017 (received for review February 16, 2017) Although fungi lack adenosine deaminase acting on RNA (ADAR) enzymes, adenosine to inosine (A-to-I) RNA editing was reported recently in Fusarium graminearum during sexual reproduction. In this study, we profiled the A-to-I editing landscape and characterized its functional and adaptive properties in the model filamentous fungus Neurospora crassa. A total of 40,677 A-to-I editing sites were identified, and approximately half of them displayed stage-specific editing or editing levels at different sexual stages. RNA-sequencing analysis with the Δstc-1 and Δsad-1 mutants confirmed A-to-I editing occurred before ascus development but became more prevalent during ascosporogenesis. Besides fungal-specific sequence and secondary structure preference, 63.5% of A-to-I editing sites were in the coding regions and 81.3% of them resulted in nonsynonymous recoding, resulting in a significant increase in the proteome complexity. Many genes involved in RNA silencing, DNA methylation, and histone modifications had extensive recoding, including sad-1, sms-3, qde-1, and dim-2. Fifty pseudogenes harbor premature stop codons that require A-to-I editing to encode full-length proteins. Unlike in humans, nonsynonymous editing events in N. crassa are generally beneficial and favored by positive selection. Almost half of the nonsynonymous editing sites in N. crassa are conserved and edited in Neurospora tetrasperma. Furthermore, hundreds of them are conserved in F. graminearum and had higher editing levels. Two unknown genes with editing sites conserved between Neurospora and Fusarium were experimentally shown to be important for ascosporogenesis. This study comprehensively analyzed A-to-I editing in N. crassa and showed that RNA editing is stage-specific and generally adaptive, and may be functionally related to repeat induced point mutation and meiotic silencing by unpaired DNA.
Neurospora | RNA editing | perithecia | RNA modification | adaptive evolution A denosine to inosine (A-to-I) RNA editing catalyzed by adenosine deaminase acting on RNA (ADAR) enzymes is the most prevalent type of RNA editing in animals that convert A to I via hydrolytic deamination (1) (2) (3) . Because I is recognized as guanosine (G) by the cellular machinery, A-to-I editing in protein-coding regions [coding DNA sequences (CDSs)] of mRNAs may cause nonsynonymous codon changes (recoding). However, although A-to-I editing is abundant in mammals, nonsynonymous editing is generally rare because the vast majority of editing sites are in the noncoding regions, including introns and 5′-or 3′-untranslated regions (2, 4) . To date, only a small number of animal recoding sites have been experimentally confirmed to affect protein functions (2, 3, 5) . Amino acid changes resulting from A-to-I editing are important for the functions of ligand-and voltage-gated ion channels and neurotransmitter receptors in invertebrates and vertebrates (6) (7) (8) (9) . In the octopus, the isoleucine to valine (I-to-V) change caused by RNA editing in the potassium (K) + channel is related to temperature adaptation (10) . However, other than these few cases, it is not clear or questionable whether vast majority of the observed recoding A-to-I editing events are advantageous. In humans, most of the recoding editing events were nonadaptive and likely resulted from tolerable promiscuous targeting by ADARs (11) ; however, in cephalopods, recoding RNA editing is often adaptive (12) (13) (14) .
To date, the ADAR enzymes that typically have one adenosine deaminase domain and one or more dsRNA binding domains are only found in metazoans (15, 16) . Recently genome-wide A-to-I RNA editing was identified in the wheat scab fungus Fusarium graminearum, which lacks ADAR orthologs (17) . The A-to-I editing in F. graminearum specifically occurred during sexual reproduction, and the majority of the editing sites resulted in protein recoding, including recoding of premature stop codons in the PUK1 and other 69 pseudogenes to express full-length functional proteins (17) . PUK1 is a protein kinase gene that is specifically expressed during sexual reproduction, and its orthologs are conserved in filamentous ascomycetes but not in the yeast. The puk1 deletion mutant in F. graminearum had no other defects but ascospore maturation and release (17) . Interestingly, the PUK1 ortholog in Neurospora crassa, a model filamentous ascomycete for genetic studies (18, 19) , also has one premature stop codon in the ORF that requires A-to-I editing (17) . A preliminary analysis with publicly available RNA-sequencing (RNA-seq) data Significance This study systematically identified adenosine to inosine (A-to-I) editing sites in Neurospora crassa and showed the existence of stage-specific editing events at different sexual stages. Unlike in humans, fungal A-to-I editing mainly occurred in coding regions and caused nonsynonymous changes that significantly increased proteome complexity. In general, nonsynonymous editing sites in Neurospora are adaptive and favored by positive selection. RNA editing enables stage-specific functions or expression of proteins important for different sexual developmental processes. Some editing events are well conserved and may affect genes important for other genetic and epigenetic phenomena occurring during sexual reproduction. Overall, our results provide insights into the complex regulation of sexual development and reveal the role of A-to-I editing for adaptive evolution in Neurospora.
showed that A-to-I editing also specifically occurred during sexual development in N. crassa and Fusarium verticillium. Therefore, it is likely that Sordariomycetes or filamentous fungi in general have novel RNA editing machinery independent of ADARs.
Filamentous fungi are tractable models for understanding the genetic basis of sexual reproduction in multicellular organisms. As a heterothallic fungus, N. crassa has two distinct mating types, A and a (20) . Sexual development is initiated when a protoperithecium of one mating type is fertilized via a trichogyne by a male cell of opposite mating type (20) . Fertilized protoperithecia develop into perithecia that consist of the perithecium wall, dikaryotic ascogenous hyphae, asci (meiotic cells), and ascospores (meiotic spores). Repeat induced point mutation (RIP), meiotic silencing by unpaired DNA (MSUD), and spore killer are genetic or epigenetic processes that specifically occur during sexual reproduction in N. crassa (21) (22) (23) (24) . Whereas RIP is a premeiotic hypermutation process that targets duplicated segments of DNA by converting cytidine (C):G to thymidine (T):A, MSUD is an RNAi-based silencing mechanism acting during meiosis and postmeiotic mitosis. Spore killer is a meiotic drive element that distorts genetic ratios.
With the genetic and genomics resources available for N. crassa as a model organism (25) , it is an ideal system to study functions and mechanisms of RNA editing and its relationship with other sexual-specific genetic or epigenetic phenomena in fungi. However, currently available RNA-seq data of N. crassa are not suitable for comprehensive analysis of A-to-I editing because they are not strand-specific and sequence variations of the parent strains are not clear. In this study, we profiled the A-to-I editing landscape of N. crassa with strand-specific RNAseq and showed the existence of stage-specific editing events at different sexual stages. RNA editing occurred before ascus development but became more prevalent during ascosporogenesis. In N. crassa, the majority of editing sites were in coding regions and caused changes in amino acids. In general, nonsynonymous editing events were adaptive in N. crassa, and near half of its nonsynonymous editing sites are conserved and edited in Neurospora tetrasperma. Overall, this study comprehensively analyzed the A-to-I RNA editing in N. crassa, identified evolutionarily conserved editing sites, and revealed the existence of stage-specific editing events at different sexual stages. RNA editing is generally adaptive and may be functionally related to RIP and MSUD.
Results
Genome-Wide A-to-I Editing Occurs Specifically During Sexual Reproduction in N. crassa. To identify A-to-I editing sites in N. crassa, strandspecific RNA-seq data were generated with RNA isolated from perithecia collected at 6 d postfertilization (dpf) (OR74A × 74-ORS-6a), and vegetative hyphae of OR74A and the genomes of both parental strains were sequenced to ∼100-fold coverage (Table S1 ). A total of 35,325 A-to-I editing sites were identified in RNA-seq data of perithecia, accounting for 98.7% of total nucleotide variants detected (Table S2 ). In contrast, no enrichment of A-to-G changes was observed in strand-specific RNA-seq data of vegetative hyphae. Published RNA-seq data of N. crassa hyphae or conidia (26) (27) (28) (29) also lack enrichment of A-to-G variants (Fig. S1) .
A-to-I Editing Occurs Before Ascus Development but Is More Prevalent During Ascosporogenesis. To determine how early RNA editing occurs, strand-specific RNA-seq data were generated with 3-, 4-, and 5-dpf perithecia of the OR74A × 74-ORS-6a cross (Fig. 1A) . Although 3-dpf developing perithecia lacked ascus differentiation, 2,938 A-to-I editing sites were identified. A total of 18,599 and 33,579 A-to-I sites were identified in RNA-seq data of 4-and 5-dpf perithecia, respectively (Fig. 1B) , in which ascus development and ascospore formation began (30) .
We also conducted RNA-seq analysis with 5-dpf perithecia of the Δstc-1 and Δsad-1 mutants (Fig. 1A) . Whereas the Δstc-1 mutant produced normal-sized perithecia that lacked asci, the Δsad-1 mutant formed normal asci, but ascus development was arrested in meiotic prophase after karyogamy (22, 30) . A total of 2,450 and 13,086 A-to-I editing sites were identified in Δstc-1 and Δsad-1 perithecia, respectively (Fig. 1B) . These results indicate that A-to-I editing occurs before ascus development but increased rapidly during ascus and ascospore development. 1C) . Among the 26,812 A-to-I sites that were not detected in at least one stage, approximately a quarter of them had a read coverage (<10) or editing level (<3%) below the cutoff for calling editing events and were filtered out during identification. The majority of them, however, had a read coverage of ≥10 but were found to lack editing events. For example, 1,056 editing sites identified at other stages were not edited in 6-dpf perithecia, although the corresponding transcripts had a read coverage of ≥100. These results indicate that some A-to-I editing sites occur only at specific stages of sexual development in N. crassa.
A-to-I Editing Levels Are Differentially Regulated Across Different Sexual Stages. The median editing levels of the A-to-I sites were increased during sexual development, with the 5-and 6-dpf perithecia having a relatively higher median editing level than 3-and 4-dpf perithecia (Fig. 1B) . The median editing level of the A-to-I sites in the Δstc-1 and Δsad-1 mutants was similar to that of early sexual stages in the wild type, which is consistent with their arrestment in sexual development. While most of the A-to-I sites from each stage had low editing levels, ranging from 5 to 30% (Fig. 1B) , the editing sites commonly occurring in different sexual stages tend to have higher editing levels ( Fig. 1D) , with the highest occurring in editing sites common to all stages. Hierarchical clustering analysis showed that for the majority of the 2,751 A-to-I sites edited at all stages, their editing levels increased during sexual development and generally reached the highest in 5-or 6-dpf perithecia (Fig. 1E ). In general, there was no obvious correlation between RNA editing level and read coverage (expression level) (Fig. S2) . However, for the editing sites in cluster 1 (Fig. 1E) , both gene expression and editing levels increased at later stages of sexual development, suggesting that they are commonly up-regulated, and thus likely important for ascosporogenesis. Gene ontology (GO) enrichment analysis revealed that genes related to the regulation of various biological processes, including mitosis, meiosis, DNA replication, transcription, and translation, were overrepresented in the genes with cluster 1 editing sites (Datasets S1 and S2). Interestingly, cluster 2 editing sites had the highest gene expression but lowest editing levels at 3 dpf (Fig. 1E ). In contrast, the editing sites in cluster 3 had the lowest gene expression but highest editing levels in 3-dpf perithecia (Fig. 1E ). These data indicate that RNA editing at some of these sites may be related to their stage-specific functions.
Strong Preference of Uridine at the −1 Position and Recoding Events in CDSs for Editing. In total, 41,191 bona fide A-to-I editing sites (Dataset S3) were identified in the perithecia of wild type and mutants. Unlike in animals, A-to-I editing in N. crassa had nucleotide preferences from the −2 to +3 positions ( Fig. 2A) , particularly at the −1 position [96.7% uridine (U)]. Secondary structure analysis showed that editing sites were significantly enriched in the predicted hairpin loops of RNA sequences surrounding the edited A sites (30 nt upstream and 30 nt downstream) (Fig. 2B) , which is similar to observations in F. graminearum (17) . Furthermore, the largest fraction (63.5%) of editing sites in N. crassa was in the CDSs of 7,039 annotated protein-coding genes (NC12; Broad Institute) (Fig.  2C) . Of the 26,526 A-to-I editing sites in CDSs, 81.3% (21,576) are nonsynonymous (recoding) editing sites (Fig. 2C ). These observations suggest that RNA editing in N. crassa often causes protein recoding and likely affects protein functions during sexual reproduction.
Extensive Recoding Sites Are Enriched in Genes Important for Sexual
Development. In total, 5,846 (62.8%) of the 9,302 protein-coding genes expressed during sexual development [fragments per kilobase million (FPKM) ≥ 1] in N. crassa had at least one recoding editing site. Among them, 2,833 and 426 had three or more and ≥10 recoding sites, respectively (Fig. S3) . To analyze the extent of recoding in these proteins, we calculated the cumulative recoding level for each gene by summing up the editing levels of all of the recoding sites. When recoded genes were ranked by the cumulative recoding level, the top half was significantly enriched for genes involved in sexual reproduction and meiotic cell cycle (Dataset S4). Furthermore, genes functionally related to a variety of biological processes, including chromatin organization and modification, RNA transcription and processing, and protein transport and localization, also were overrepresented in the top half with higher cumulative recoding levels (Dataset S4), further indicating the importance and global effects of RNA editing during sexual development.
A-to-I Editing May Affect Other Epigenetic Phenomena in N. crassa.
To determine the functional relationship of RNA editing with other epigenetic phenomena, we analyzed the editing events in the genes known to be important for DNA and chromatin modifications in N. crassa (31) (32) (33) and found that most of them had extensive nonsynonymous recoding (Fig. S4 ). The sad-1, sad-6, dcl-1/sms-3, qde-1, qde-2, and qde-3 genes that are required for quelling and/or MSUD all had multiple recoding sites with editing levels over 50%. Similarly, many genes important for DNA methylation and histone modifications also had multiple recoding sites with high editing levels (Fig. S4 ). For example, the dim-2 DNA methyltransferase gene responsible for cytosine methylation in N. crassa (34) had 11 recoding sites, including stop-loss editing with an editing level of 87%. The dim-7 and dim-8/ddb-1 genes required for histone methylation and DNA methylation (35) both had at least three recoding sites with editing levels >60%. Extensive nonsynonymous recoding in these genes suggests that A-to-I editing may affect RNA silencing, DNA methylation, and histone modification during sexual reproduction in N. crassa.
A-to-I Editing Enables Pseudogenes with Premature Stop Codons to
Encode Full-Length Proteins. Similar to PUK1 in F. graminearum, its ortholog in N. crassa, stk-21 (NCU03242), also has one premature stop codon UAG in its ORF that was edited to UGG during sexual reproduction (17) . These editing events were referred to as premature stop codon correction (PSC) editing in this study. Our RNA-seq data showed that an additional 49 predicted N. crassa pseudogenes had PSC editing events in perithecia (Dataset S5). RNA editing must be essential for these genes to encode full-length proteins specifically during sexual reproduction, particularly for the four of them that had more than one PSC editing event (Dataset S5). Interestingly, the premature stop codon UAG of NCU02858 and NCU00006 could be removed by either PSC editing or alternative splicing. NCU02858 had two transcript isoforms due to retention events of the third intron that harbors the premature stop codon UA 269 G (Fig. 3A) . During sexual reproduction, isoform-2 transcripts with the third intron properly spliced (encoding a 2,358-aa protein) accounted only for ∼12% of the NCU02858 transcripts. Most of the NCU02858 transcripts (∼88%) were isoform-1 transcripts that had the third intron retained. However, ∼57% of isoform-1 transcripts were subject to PSC editing to code for a 2,377-aa protein. Unlike NCU02858, NCU00006 had three transcript isoforms derived from different alternative splicing events of the second intron that harbors the premature stop codon UA 791 G (Fig.  3B ). Unlike NCU02858, the majority of NCU00006 transcripts had the second intron properly spliced (isoform-1) to encode the fulllength protein as predicted. Isoform-2 and isoform-3 with the fulllength or part of the second intron retained (Fig. 3B ) accounted for ∼15% and ∼20% of the NCU00006 transcripts, respectively, during sexual reproduction. PSC editing of UA 791 G was observed in both isoform-2 and isoform-3 transcripts. Therefore, the combination of alternative splicing and RNA editing enabled genes like NCU02858 and NCU00006 to code for multiple protein isoforms during sexual development. Although their functional relationship is not clear, both RNA editing and alternative splicing may be involved in the coregulation of proper expression of certain genes during sexual reproduction.
Almost all of the pseudogenes with PSC editing events were up-regulated or specifically expressed during perithecium development (Fig. 4A ), and the median editing level of these PSC editing sites was over fourfold higher than that of all of the editing sites in N. crassa (Fig. 4B) , suggesting their functional importance during sexual reproduction. Nevertheless, over half of these genes encode hypothetical proteins with no known protein domains or orthologs in the yeast (Dataset S5). Some of them have conserved orthologs in other fungi, including the orthologs of yeast SGF73 (NCU07579) and SPT3 (NCU07992) (36, 37) , and putative Rap/ran-GAP (NCU04105) and porphobilinogen deaminase (NCU10291) genes, although their functions during sexual reproduction have not been reported in N. crassa or other filamentous ascomycetes.
Three Pseudogenes with PSC Editing Events Are Important for Sexual Development. For 13 pseudogenes with PSC editing events, knockout mutants of both mating types have been generated in previous studies (38) (39) (40) (41) . In mating assays with mutants obtained from the Fungal Genetic Stock Center (FGSC) ( Table S3) , deletion of 11 genes, NCU01009, NCU04476, NCU02869, NCU03469, NCU06221, NCU00006, NCU07579, NCU06627, NCU05321, NCU08921, and NCU03540, had no significant effects on sexual reproduction. However, the NCU07992 deletion mutant failed to produce perithecia, although protoperithecia were formed (Fig. 4C) , suggesting its essential role in the early stage of ascogenous tissue development. The NCU10184 deletion mutants were normal in perithecium formation but delayed in ascosporogenesis, and many asci were aborted and contained less than eight ascospores in 8-dpf perithecia (Fig. 4D) .
For stk-21 and the other 19 pseudogenes with PSC editing events, knockout mutants are only available for one mating type (Table S3 ). When mating with the wild type as the female, no defects in sexual reproduction were observed in perithecium development and ascosporogenesis. Therefore, their functions during sexual reproduction remain to be determined. Because the editing event in PUK1 was conserved between F. graminearum and N. crassa, we generated the Δstk-21 mutant of a mat A strain in this study and crossed it with strain FGSC17940 (Δstk-21, mat a). The Δstk-21 mutants were defective in late stages of ascospore development and often produced morphologically abnormal ascospores and less than eight ascospores per ascus (Fig. 4D) . More interestingly, when ascospores of Δstk-21 mutants were observed under a light microscope, broken ascospores (broken at one end) were often observed, suggesting a weakened ascospore wall or germ pore. When mutant ascospores were incubated in yeast extractpeptone-dextrose (YEPD) medium at 25°C for 12 h without preheating at 65°C, ∼6.3% of mutant ascospores germinated and produced bulbous germ tubes, while no germination of wild-type ascospores was observed (Fig. 4E) .
To confirm the importance of PSC editing on gene function, we generated the stk-21
TAA allele by changing G1575 to A by site-directed mutagenesis and transformed it into the Δstk-21 mutant (mat A). When crossed with strain FGSC17940 (Δstk-21, mat a), the Δstk-21/stk-21 TAA transformants, similar to the original Δstk-21 mutant, were defective in ascospore maturation and germination without preheating at 65°C (Fig. S5A) . To rule out possible effects from MSUD, we isolated Δstk-21/stk-21 TAA mat a progeny. Similar defects in ascospore maturation and germination were observed in the Δstk-21/stk-21
TAA cross (Fig. S5A ). These data indicated that expression of stk-21
TAA failed to complement the defects of Δstk-21. Unlike editing of TA 1574 G in the wild-type strain, editing of TA 1574 A to TGA in stk-21
TAA resulted in another stop codon. Therefore, PSC editing of stk-21 must be essential for its function.
We also generated the NCU10184 TAA allele by introducing the G660A mutation and transformed it into the ΔNCU10184 mutant (mat A). In crosses between the resulting ΔNCU10184/NCU10184 TAA transformants and FGSC22604 (ΔNCU10184; mat a), ascosporogenesis was defective and many asci were aborted (Fig. S5B) . When the resulting ΔNCU10184/NCU10184
TAA mat a progeny was crossed with ΔNCU10184/NCU10184
TAA transformants, similar defects in ascosporogenesis were observed (Fig. S5B) . Thus, expression of NCU10184 TAA also failed to complement the defects of the ΔNCU10184 mutant, further indicating the importance of PSC editing for these pseudogenes to encode full-length, functional proteins in N. crassa.
Stop-Loss Editing Alters the C Terminus of Conserved Proteins During
Ascosporogenesis. The nonsynonymous editing changed the predicted stop codon UAG of 672 genes to amino acid codon UGG (stop-loss editing) (Dataset S6), resulting in the addition of an extra stretch of peptides to the C terminus of proteins. A number of genes with stop-loss editing are known to be important for sexual development, including the ascospore lethal-1 (asl-1/atf-1), mid-1, pp-2, pre-2, ff-1, and ham-2 genes (31, (42) (43) (44) (45) (46) . Some are well-conserved genes encoding proteins that are involved in histone modification (e.g., hat-2, hda-2, hat-6, ngf-1) and chromatin assembly or remodeling (e.g., cac-2, cac-3, crf3-1, crf4-3, crf10-1/csw-1). Interestingly, six of the eight subunits of the COP9 signalosome (47), csn-1, csn-3, csn-4, csn-6, csn-7, and NCU08388 genes, are among those genes that are constitutively expressed in N. crassa but targeted for stoploss editing specifically during sexual reproduction. These observations suggest that stop-loss editing may play an important role in the regulation of expression or stage-specific protein functions.
Nonsynonymous Editing Events Are Generally Beneficial and Under
Positive Selection. To determine whether the high fraction of nonsynonymous editing is by chance, we estimated the expected nonsynonymous-to-synonymous (N/S) ratio in N. crassa by randomly selecting the same number of A sites from CDSs of edited genes according to the nucleotide preference at the −2 to +3 positions of edited A's. The observed N/S ratio (4.36) was significantly higher than the expected N/S ratio (3.53) (Fig. 5A) , signaling positive selection for the nonsynonymous editing events. The median editing level of nonsynonymous editing sites (15%) also was significantly higher than that of synonymous editing sites (12%) (Fig. 5B) . Furthermore, the editing sites with higher editing levels tend to have higher N/S ratios (Fig.  5A ), suggesting more advantageous editing events at nonsynonymous editing sites with higher editing levels. Notably, both the frequency and editing level of stop-loss editing were significantly higher than those of missense editing of UAG triplets ( Fig. S6 A and B) . In contrast, the frequency and editing level of stop-retaining editing sites that changed UAA to UGA were significantly lower than those of missense editing of UAA triplets ( Fig. S6 A and B) . These results suggest that stop-loss editing is under stronger positive selection. Taken together, our results indicate that nonsynonymous editing events are generally beneficial and favored by positive selection during evolution in N. crassa.
Proteome Complexity Increased by Nonsynonymous Editing Confers
Adaptive Advantage. To determine whether the proteome complexity increased by nonsynonymous editing has adaptive advantages, we first identified the orthologous genes that are conserved in N. crassa and its closely related species N. tetrasperma and Sordaria macrospora, and selected the A-to-I editing sites that are also A's at the corresponding sites in their S. macrospora orthologs. Given the phylogenetic relationship among these three species, their common ancestor likely has A's at these sites. We then calculated the fraction of nucleotide substitution in N. tetrasperma at these ancestral A sites. If A-to-I editing is adaptive, the nonsynonymous A sites are less likely to be replaced by other nucleotides during evolution because such replacements would reduce the protein complexity and fitness. As a control, we randomly selected the same number of editable A sites from coding sequences of edited genes based on the nucleotide preference at the −2 to +3 positions of edited A sites. Consistent with the adaptive hypothesis, the percentage of nucleotide substitution at the nonsynonymous A sites in N. crassa was significantly lower than that at the control A sites (Fig. 5C ). As another control, there was no significant difference between the synonymous A sites and control A sites (Fig. 5C) . Therefore, the protein complexity enabled by nonsynonymous editing confers an adaptive advantage that makes the recoding events to be maintained by natural selection during evolution.
Nonsynonymous Editing Tends to Recode Genes Under Stronger
Functional Constraints. Because the evolutionary rate of proteins is primarily determined by functional constraints, to verify that nonsynonymous editing facilitates adaptive evolution of proteins, we examined the relationship between the selection on nonsynonymous editing and selection on its targeted proteins. The orthologs of N. crassa genes with editing events in N. tetrasperma were identified and divided into 20 bins with an equal number of genes in each bin based on the ranking of the ratio of the (48). Expected mean and SD were calculated with 100 bootstrap random samples of an equal number of A's with similar nucleotide preference at the −2 to +3 positions of edited A's from coding sequences of edited genes. ****P < 10 −5 , t test.
nonsynonymous substitution rate (dN) to the synonymous substitution rate (dS). The lower the dN/dS value, the stronger the functional constraint. Remarkably, whereas the density of random nonsynonymous editable A sites had a strong positive correlation with the dN/dS values, the density of nonsynonymous editing sites was strongly negatively correlated with the dN/dS values ( Fig. 5D and Fig. S7 ). A weaker negative correlation was observed for the density of synonymous editing sites, but no significant correlation was observed for the random synonymous editable A sites (Fig. 5D and Fig. S7 ). Because there was no significant correlation between the editing densities and gene expression values (FPKM) (Fig. S8) , it is unlikely that the elevated editing densities in the genes under stronger functional constraints are caused by detection bias due to gene expression levels. Furthermore, a significant negative correlation was identified between the nonsynonymous editing intensity (measured by summing up the editing levels of all nonsynonymous sites in each bin) and the dN/dS values, but not between the synonymous editing intensity and the dN/dS values (Fig. 5E) . Altogether, these results suggest that nonsynonymous editing is positively selected to increase the protein diversity of the genes under stronger functional constraints that are less likely accessed through DNA mutations, and therefore provide compelling evidence to support the adaptive advantage of editing in N. crassa.
Selection on Nonsynonymous Editing Events Is Codon-Specific. The majority of the nonsynonymous editing events resulted in changes of amino acid residues with different biochemical properties, including lysine to glutamate (K-to-E), serine to glycine (S-to-G), arginine to glycine (R-to-G), and tyrosine to cysteine (Y-to-C) which are four of the top five most frequent substitution types (Fig. 5F ). Although this bias may be mainly caused by editing preferences, for most of these amino acid substitution types, their occurrence was more frequent than expected. The notable exemptions are the R-to-G and Y-to-C changes that occurred far less frequently than expected (Fig. 5F ). Notably, these two substitution types cause significant changes in amino acid physicochemical properties (48) , which may be deleterious and purged by purifying selection during evolution. These results indicate that nonsynonymous editing is favored by natural selection to finetune protein functions but avoid causing dramatic functional changes in N. crassa.
Over Half of the A-to-I Editing Sites Are Conserved Between N. crassa and N. tetrasperma. For comparative analysis, we also performed RNA-seq analysis with N. tetrasperma, a pseudohomothallic fungus that produces four heterokaryotic ascospores in each ascus (49) . In RNA samples isolated from 6-dpf perithecia, a total of 28,442 bona fide A-to-I editing sites were identified (Dataset S7). Over 66% of them (18, 788) were in the CDSs and caused recoding events in 4,752 protein-coding genes. For the 24,001 A-to-I sites in the CDSs of 5,952 N. crassa genes with distinct orthologs in N. tetrasperma, 51.6% of them (12,379) were edited in both Neurospora species (Fig. 6A and Dataset S8). For the 672 N. crassa genes with stop-loss editing, 460 of their orthologs in N. tetrasperma also had stop-loss editing events ( Fig. S6C and Dataset S6). For the 50 N. crassa genes requiring PSC editing to encode full-length proteins, all their orthologs in N. tetrasperma also had premature stop codons in their ORFs. PSC editing events at the premature stop codons were detected in 45 of them specifically during sexual reproduction (Dataset S5).
Highly Conserved A-to-I Editing Sites Tend to Be Nonsynonymous and Have Higher Editing Levels. To compare the A-to-I editing sites in N. crassa, N. tetrasperma, and F. graminearum, we first identified the orthologous protein coding genes in these species with OrthoMCL (50). Of 21,935 A-to-I sites in the CDSs of 5,132
N. crassa genes with orthologs in F. graminearum, 657 were also editing sites in the latter (17) . In total, 454 A-to-I editing sites were conserved and edited in the orthologs of all three species ( Fig. 6A and Dataset S8). Sixty-seven orthologous genes had conserved stop-loss editing events in all three species (Fig. S6C and Dataset S6). In general, the editing sites common to more than one species, particularly the ones conserved in all three fungi, had higher editing levels than species-specific editing sites ( Fig. 6B and Fig. S6D) . Moreover, the well-conserved editing sites had a higher percentage of nonsynonymous editing events than the less conserved ones (Fig. 6C) . These results suggest that the highly conserved nonsynonymous or stop-loss editing sites are under stronger positive selection. Furthermore, the K-to-E, S-to-G, asparagine to aspartate (N-to-D), I-to-V, and methionine to valine (M-to-V) residue changes, particularly the K-to-E change, were obviously overrepresented in substitutions caused by conserved editing events (Fig. 6D) . It is likely that the conserved nonsynonymous editing events causing these types of amino acid substitutions are functionally important and have an adaptive advantage in N. crassa.
Two of Four Genes with Conserved Editing Sites Are Important for
Sexual Reproduction. Among the 454 editing sites common to all three fungi, 431 resulted in nonsynonymous editing in 366 proteincoding genes in N. crassa (Dataset S9), including genes important for sexual development, such asl-1/atf-1 and round spore (Rsp/R). GO enrichment analysis showed that the 366 genes with highly conserved editing sites were enriched in genes with a variety of regulatory functions (Dataset S10), such as genes important for epigenetic control of gene expression, cell cycle process, protein phosphorylation, and autophagy. A number of them had more than one conserved editing site, including the set-1 and prm-1 histone methyltransferase genes that each had three conserved nonsynonymous editing sites (Dataset S9). We then randomly selected four uncharacterized genes with conserved editing sites that had deletion mutants of both mating types available (Table S3) for characterizing their functions during sexual reproduction. Deletion of the NCU11109, NCU05265, NCU00928, or NCU04187 gene had no obvious effect on vegetative growth. For the NCU05265 and NCU00928 deletion mutants, no obvious defects in perithecium development and ascospore formation were observed. However, mutants deleted of NCU04187 failed to produce perithecia, although protoperithecia were formed (Fig. 7A) . For the NCU11109 mutants, perithecium development appeared to be normal, but over 60% of the mutant perithecia failed to form asci at 8 dpf (Fig. 7B) . These results suggest that genes with conserved A-to-I editing sites and their stage-specific editing events likely play important roles in various developmental processes during sexual reproduction.
Discussion
As a model filamentous fungus, N. crassa is well studied for various genetic and epigenetic phenomena, including sexualspecific RIP, MSUD, and spore killer (20, 32) . In this study, a total of 41,191 A-to-I editing sites that affected the transcripts of 7,039 protein coding genes were identified in RNA-seq data of perithecia, suggesting the occurrence of genome-wide A-to-I RNA editing during sexual reproduction in N. crassa. Comparative analysis with 3-to 6-dpf perithecia showed that RNA editing occurs at a low abundance in 3-dpf perithecia but becomes abundant in 5-or 6-dpf perithecia. Because the Δstc-1 mutant did not produce asci and the Δsad-1 mutant was arrested in meiotic prophase, the detection of over 2,000 and 10,000 editing sites in 5-dpf perithecia of the Δstc-1 and Δsad-1 mutants, respectively, suggests that A-to-I editing occurred before ascus development and increased before meiosis. The detection of over 30,000 editing sites in 5-and 6-dpf perithecia indicates the prevalence and importance of A-to-I editing during ascosporogenesis.
Interestingly, whereas some A-to-I editing sites commonly occurred in all four stages (3 to 6 dpf), many others were stagespecific or present only in two or three stages. In general, the commonly occurring A-to-I sites tend to have higher editing levels, but their editing levels often increased during sexual development and reached the highest at 5 or 6 dpf. For the stage-specific editing sites, some of them may be false-positives findings caused by low transcript abundance or editing levels. However, for the editing sites that were present in some but not all stages, the majority of them had sufficient transcripts expressed in the particular stages that lacked RNA editing at these sites. Taken together, both editing levels and the number of editing sites were different at different sexual development stages in N. crassa, suggesting the importance of A-to-I editing in stage-specific expression and functions of edited genes.
Like in F. graminearum, the A-to-I RNA editing in N. crassa has a strong nucleotide preference for U at the −1 position and a secondary structure preference for hairpin loops harboring the editing sites. These observations indicate that the molecular mechanism responsible for RNA editing in these two fungi is conserved. Recently, A-to-I RNA editing was reported to occur during sexual development in S. macrospora and an earlydiverging filamentous ascomycete Pyronema confluens, but not in Schizosaccharomyces pombe (51) . To date, all of the ascomycetes with A-to-I editing identified during sexual reproduction produce fruiting bodies. Although additional data and further analyses are necessary to conclude which lineages of fungi have A-to-I editing, it is likely that RNA editing is an evolutionarily conserved feature in filamentous ascomycetes and plays a critical role in different sexual developmental processes. Although fungi lack orthologs of animal ADARs that have both a dsRNA binding domain and adenosine deaminase domain, it has been suggested that tRNA-specific adenosine deaminase genes orthologous to yeast TAD2 and TAD3 may be involved in RNA editing in F. graminearum (17, 52) . Our RNA-seq data showed that the TAD2 and TAD3 orthologs in N. crassa had increased expression during sexual development, particularly in 5-and 6-dpf perithecia.
Unlike in mammals, over half of the identified editing events in N. crassa (52.4%) caused amino acid changes. The extensive recoding editing in perithecia, including editing of premature stop codons, indicates the importance and functions of A-to-I editing in sexual development. Despite a few cases known to be functionally important (2, 5) , the biological significance of nonsynonymous editing events in mammals is not clear or questionable. In humans, A-to-I editing sites identified in the coding regions are largely deleterious rather than beneficial, as both the frequency and level of nonsynonymous editing events are significantly lower than those of synonymous editing events (11) . Recently, it has been reported that the nonsynonymous editing sites in brains and evolutionarily constrained editing sites are generally adaptive in Drosophila (53) (54) (55) . In this study, we showed that the nonsynonymous editing events in N. crassa are generally beneficial and favored by positive selection during evolution. The percentage of nonsynonymous editing sites generally increased as the editing levels increased, suggesting that nonsynonymous editing events with higher editing levels are more likely to be advantageous. The nonsynonymous editing was favored by positive selection to increase the proteome complexity, particularly the protein diversity of genes under stronger functional constraints, therefore supporting the adaptive evolution hypothesis of RNA editing (56) . Furthermore, our data showed that selection on nonsynonymous editing is codon-specific. The editing events resulting in changes in residue physicochemical properties, such as K-to-E, are favored by positive selection, whereas those resulting in extremely different amino acid changes, such as R-to-G and Y-to-C, are purged by purifying selection. Therefore, it is possible that RNA editing is adapted to fine-tune protein functions but avoid nonsynonymous editing of the A sites, which may have deleterious effects on protein expression or functions in fungi.
Although it has a tissue or developmental stage preference in animals, A-to-I RNA editing has been identified in virtually all of the tissues examined (4). In contrast, genome-wide A-to-I editing is stage-specific and occurs only during sexual reproduction in N. crassa and N. tetrasperma, which is similar to observations in F. graminearum (17) . An intriguing question is why genome-wide A-to-I editing occurs specifically during sexual reproduction in fungi. The advantage of sexual reproduction is to increase genetic variations for adaptation to changing environments by meiotic recombination (57, 58) , and possibly by elevated spontaneous mutations during meiosis in fungi (59, 60) . RNA editing is hypothesized to facilitate adaptive evolution by expanding proteomic diversity at an epigenetic level (56) . In animals, recent studies have showed that RNA editing is used for temperature adaptation by increasing the flexibility of proteins (10, 12, 61) . The abundance of recoding events during sexual reproduction may provide great flexibility of proteins for fast acclimation in fungi. Our evolutionary analysis confirmed that A-to-I editing is maintained by natural selection to increase the protein diversity that confers an adaptive advantage in N. crassa. Furthermore, because genetic recombination and DNA mutation are permanent and hardwired, the extent of genetic variations at genes under strong functional constraints is restricted. In N. crassa, nonsynonymous editing tends to recode genes under strong functional constraints (low dN/dS value), confirming that RNA editing may provide amino acid sequence variations in genes or regions that are not accessible for genetic mutations. Taken together, the A-to-I RNA editing during sexual reproduction in fungi serves as a strong driving force for adaptive evolution.
For nonsynonymous editing events with high editing levels, such as the editing events at the premature stop codons of pseudogenes, besides increasing protein diversity, the proteins synthesized from edited transcripts may have higher fitness than those of unedited transcripts because they may be under directional selection to increase the editing level. Nonsynonymous editing events with low editing levels also increase sequence variants that likely confer adaptive advantage. However, they may not improve the fitness of encoded proteins and are maintained at low levels by balancing selection in N. crassa to simply confer a protein heterozygosity advantage.
For genes with distinct orthologs between N. crassa and N. tetrasperma and expressed during sexual reproduction, a total of 12,379 A-to-I editing sites in the CDSs were identified in both Neurospora species, which accounted for 46.7% and 65.9% of the editing sites in CDSs in N. crassa (26, 526) and N. tetrasperma (18, 788) , respectively. Most likely, additional editing sites are conserved in N. tetrasperma but not detected because only 6-dpf perithecia were used for RNA-seq analysis in this study. The conserved nature of these RNA editing events in two Neurospora species suggests their importance during sexual reproduction. Among the editing sites common to N. crassa and N. tetrasperma, 657 of them are conserved in F. graminearum, and they generally had higher editing levels and more frequent nonsynonymous editing. Considering the phylogenetic distance among these three species, it is likely that these highly conserved nonsynonymous editing sites are functionally important for or beneficial to ascosporogenesis in Sordariomycetes. In fact, two of the four uncharacterized genes with conserved editing sites selected for functional characterization were shown to be important for sexual reproduction in N. crassa in this study.
In N. crassa, 50 pseudogenes require PSC editing to encode full-length proteins specifically during sexual reproduction. All of them are conserved, and their orthologs also have the premature stop codon in the ORF in N. tetrasperma, suggesting their specific expression and function during sexual reproduction. Although PSC editing events were only detected in 45 of these pseudogenes in 6-dpf perithecia of N. tetrasperma, the other five genes may have stage-specific editing in early stages of sexual development. Interestingly, among the 18 Neurospora pseudogenes with PSC editing that have distinct orthologs in F. graminearum, three of them also had PSC editing events in the latter (17) . One is stk-21, and the other two are the NCU09007 and NCU01009 genes. In this study, we showed that stk-21 is important for ascospore maturation and ascospore integrity. FGRRES_10094, the ortholog of NCU01009, is important for ascospore discharge in F. graminearum (17) . It is tempting to speculate that many of these genes with conserved PSC editing sites during sexual reproduction are functionally related to ascosporogenesis and ascospore discharge, and that the expression of their full-length proteins outside perithecia may be detrimental to vegetative growth.
In F. graminearum and many other Fusarium species, the RID ortholog has a premature stop codon in its ORF that requires A-to-I editing to encode a functional protein (17, 52) . Therefore, RNA editing is essential for RIP in these fungi. In N. crassa, RID lacks premature stop codons in its ORF but it has two nonsynonymous editing events. The dim-2, dim-8, dmm-1, and dmm-2 genes also had multiple A-to-I editing sites. Similarly, although none of the genes important for MSUD had premature stop codons in their ORFs, the sad-1, sad-6, and dcl-1/sms-3 genes all had multiple nonsynonymous editing sites in N. crassa. Many of them are conserved in N. tetrasperma. These observations suggest that A-to-I editing may be functionally related to RIP and MSUD in N. crassa. It will be important to characterize these conserved recoding editing sites and determine their roles in the functions of RIP-or MSUD-related genes during sexual reproduction.
In summary, this study comprehensively characterized the A-to-I RNA editing in N. crassa during sexual reproduction and revealed the existence of stage-specific editing events at different sexual stages. Our analysis showed that RNA editing is generally adaptive and that it may be functionally related to RIP and MSUD. RNA editing could function together with alternative splicing to increase protein sequence variations and coding capacity of edited genes, and some of these nonsynonymous editing sites are well conserved in Sordariomycetes. As a model organism with unparalleled genetic and genomics resources, N. crassa is uniquely suited for characterizing the molecular mechanism and functions of RNA editing in filamentous fungi.
Materials and Methods
Details of the methods used in this study are provided in SI Materials and Methods, including strain culture conditions, details for strand-specific RNAor DNA-seq library construction and sequencing, protocols used for read mapping and identification of A-to-I editing sites, evolutionary and statistical methods used for analyzing the adaptation of A-to-I editing, and experimental methods for generation of the NCU10184 TAA and stk-21 TAA constructs and transformants.
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